The bridging ligands L 1 and L 2 contain two N,N-bidentate pyrazolyl-pyridine units linked to a central aromatic spacer unit (1,2-phenyl or 2,3-naphthyl, respectively). Reaction with Ni(II) salts and treatment with the anions tetrafluoroborate or perchlorate result in formation of dinuclear complexes having a 2:3 metal:ligand ratio, with one bridging and two terminal tetradentate ligands. In contrast, reaction of L 1 and L 2 with Co(II) salts, followed by treatment with tetrafluoroborate or perchlorate, results in assembly of cage complexes having a 4:6 metal:ligand ratio; these complexes have a metal ion at each corner of an approximate tetrahedron, and a bis-bidentate bridging ligand spanning each edge. The central cavity is occupied by a tetrahedral counterion that forms multiple hydrogen-bonding interactions with the methylene protons of the bridging ligands. The anionic guest fits tightly into the central cavity of the cage to which it is ideally complementary in terms of shape, size, and charge. Solution NMR experiments show that the central anion acts as a template for cage formation, with a mixture of Co(II) and the appropriate bridging ligand alone giving no assembly into a cage until the tetrahedral anion is added, at which point cage assembly is fast and quantitative. The difference between the structures of the complexes with Ni(II) and Co(II) illustrate how the uncoordinated anions can exert a profound influence on the course of the assembly process.
M
etal-directed self-assembly has recently become a major tool by which coordination chemists can prepare large and elaborate complexes such as helicates, grids, boxes, rings, and cages from relatively simple components (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Many examples are based on accurate control of metal-ligand coordinate bond formation, with the course of the assembly involving a labile metal ion and a multidentate ligand dictated by the metal͞ligand interactions. This behavior is exemplified by the formation of helical complexes with linear oligopyridines, where the partitioning of the ligand into bidentate or terdentate binding domains is dictated by the preference of the metal ion for four-coordinate or six-coordinate geometry (3) . Recently, however, it has become apparent that ''innocent'' anions can dictate the course of the assembly process by acting as a template around which a particular combination of metal ions and ligand can assemble in a way which would not occur in the absence of the anion. For example, Lehn and coworkers (12) showed how a trinuclear M 3 L 3 triple helicate converted to a circular M 5 L 5 helicate in the presence of chloride ion, which was tightly bound in the center of the resulting cationic cavity. Anions that are chosen for their innocence in terms of coordinating ability can nevertheless direct the course of an assembly process via noncovalent interactions.
Here we describe how the anions perchlorate and tetrafluoroborate act as templates for the formation of edge-bridged tetrahedral M 4 (-L) 6 cages from Co(II) and bis-bidentate bridging ligands (Scheme 1). These ''adamantoid'' cages ( Fig. 1) were first described by Saalfrank et al. (13) (14) (15) (16) and have since been studied by several other groups (17) (18) (19) (20) (21) (22) (23) (24) (25) . A notable feature of many such complexes is that the central cavity can accommodate guest species, with the nature of the guest depending on the charge carried by the surrounding complex cage. Thus, neutral cages tend to have either no guests (15) or solvent molecules as guests (17) in the cavity, anionic cages are found to contain tetraalkylammonium (19, 21) (23, 24) . The twin facts that some cages can form without a guest (15, 22) and that some guests can be freely exchanged with other species (19) suggest that in these cases, the assembly of the cage arises from an ideal match between the symmetry properties of the ligands and the coordination preferences of the metal ions, and that no templating effect is necessary. In other cases, however, the guest is trapped, suggesting that the assembly of the cage is caused in these cases by a genuine template effect (16, 21, 23 X-Ray Crystallography. Details of the crystal, data collection, and refinement parameters for the new structures are in Table 1 . A detailed description of the methods used for unit cell determination and data collection has been published (27) . Structure solutions and refinements used (28) and (29) ; absorption corrections were applied by using SADABS (30) . Full details of the refinements are included in the supporting text, which is published on the PNAS web site, www.pnas.org, together with selected bond distances and angles. 
Results and Discussion
. This is an unusual arrangement of ligands in M 2 L 3 complexes, and is similar to the structure of the Fe(III) complex of the tetradentate siderophore alcilagin (31) , however, there are close contacts between the fluorine atoms and the CH 2 spacers of the ligands, with nonbonded C⅐⅐⅐F separations in the range 3.01-3.21 Å (and F⅐⅐⅐H contacts in the range 2.3-2.6 Å), indicative of C-H⅐⅐⅐F hydrogenbonding interactions (33, 34) , which no doubt help to stabilize the assembly. In addition, multiple stacking interactions between overlapping aromatic fragments of adjacent ligands are evident. Variable-temperature 11 B and 19 F NMR spectra showed that the spectrum shown in Fig. 4b results. It lies in the normal chemical shift range, but is broad and poorly resolved because of some degree of interaction with the paramagnetic metal centers. There are no signals at shifts more positive than 10 ppm, indicating that no significant amount of the cage complex exists under these conditions. On addition of one equivalent of [BF 4 ] Ϫ to the sample, the spectrum changes dramatically (Fig. 4c) and becomes essentially identical to that in Fig. 3a measured for the preformed complex. This spectrum is rather noisy because of the poor solubility of the cage in this solvent mixture, but all of the principal features of the spectrum of the cage complex in Fig. 4a (Fig.  4c) . These findings are in agreement with expectations based on the basis of the size and shape of these anions: hexafluorophosphate is clearly too large to fit in the cavity, whereas perchlorate-which is the same size and shape as tetrafluoroborate-is an effective template. We accordingly undertook further syntheses and structural studies with the related ligand L (Fig. 5) . The dinuclear complex contains one tetradentate chelating ligand attached to each Ni(II) center, with the third ligand acting as a bis-bidentate bridge spanning the two metals, which are separated by 9.16 Å. The bridging ligand adopts a helical twist that is emphasized in the space-filling view shown in Fig. 5b ; this view also emphasizes the inter-ligand aromatic stacking. The pseudooctahedral metal ions both have a meridional tris-chelate geometry, with unremarkable bond distances and angles (see supporting text). This structure illustrates the ability of L 2 to act as either a chelating or bridging ligand as circumstances dictate because of the flexibility provided by the methylene units.
Reaction of Co(II) acetate with L 2 in a 2:3 molar ratio in CH 2 Cl 2 ͞MeOH afforded an orange solution from which a precipitate appeared on addition of methanolic NaBF 4 or NaClO 4 . From electrospray mass spectra, and by analogy with the behavior of L 1 , we tentatively identified these as the cage complexes [Co 4 7 , respectively. In particular, the peak at highest m͞z value in each case in the mass spectrum corresponds to the species {Co 4 (L 2 ) 6 (X) 5 } 3ϩ (X ϭ BF 4 or ClO 4 respectively), confirming the presence of the intact cage.
We followed the anion-templated assembly process in the manner described above (Fig. 6) . The 1 H NMR spectrum of the preformed complex gave a characteristic highly shifted pattern of peaks, similar to that seen for the cage complex with L 1 but with three signals (I, J, and K) in the 10-20 ppm region rather than two. We assign these three peaks as arising from the 2,3-disubstituted naphthyl unit (with twofold symmetry), in agreement with their distance from the paramagnetic centers. In all other respects there is a clear correspondence between the signals of the cage complex with L 2 (Fig. 6a) and with L 1 (Fig.  4a) . When Co(II) acetate and L 2 were mixed in a 2:3 ratio in MeOD͞D 2 O in an NMR tube, however, only a broad poorly resolved spectrum was seen in the normal region (5.5-9 ppm) with no sign of the highly shifted pattern of signals from the cage (Fig. 6b) Ϫ immediately resulted in appearance of the characteristic spectrum of the cage (Fig. 6c) . This spectrum is noisy because the cage is poorly soluble, and the two weakest signals (D and E) are not resolved; but the remaining nine signals correspond exactly with those in Fig. 6a, confirming Ϫ ions in their central cavity. The Co-N separations are in the range 2.09-2.17 Å, and the coordination environment about each metal center is approximately octahedral with a facial tris-chelate geometry (see supporting text). The gross geometry is similar to that of the complex with L 1 described above: the metal ions form an approximately tetrahedral cage, with the Co⅐⅐⅐Co separations lying between 9.3 and 10 Å. The cage has approximate T symmetry with all four metal centers having the same configuration, such that the racemic crystals contain equal amounts of ⌬⌬⌬⌬ and ⌳⌳⌳⌳ forms (in solution the symmetry is exactly T on the basis of the NMR spectrum). The fluoroborate anion within each cavity is inverted with respect to the Co 4 tetrahedron such that each F atom is directed toward the space at the center of a Co 3 triangular face; the anion is approximately central in the cavity, with all Co⅐⅐⅐B distances being in the range 5.68-6.16 Å. The F atoms make close contacts with the CH 2 spacer units in some of the ligands, with nonbonded C⅐⅐⅐F distances lying in the range 3.07-3 38 Å and the associated H⅐⅐⅐F distances varying from 2.33 to 2.53 Å (Fig. 7b) . These distances are characteristic of C-H⅐⅐⅐F hydrogen bonds (33, 34) , and the number of such interactions (three per F atom, or 12 per cage) presumably contributes significantly to stabilization of the cage structure. From the space-filling view in Fig. 8, the intertwining (nonbonded C⅐⅐⅐O separations in the range 3.0-3.3 Å), corresponding to C-H⅐⅐⅐O hydrogen-bonding interactions (34) .
The behavior of these cage complexes contrasts with some recent examples described by Raymond and coworkers (10, 17) , based on bridging ligands whose two binding sites are carefully arranged to optimize cage formation. These ligands cannot act as tetradentate chelates to a single metal, because the binding sites are divergent and give M 4 L 6 cages quantitatively without the assistance of a template effect. As described previously, the cavity may contain a counterion or solvent molecules as guest species, but this is not a prerequisite for cage formation and the guests can be freely exchangeable with other species. With L 1 and L 2 , however, the flexibility imparted by the methylene spacers means that both tetradentate chelating and bis-bidentate bridging coordination modes are available, giving either M 4 L 6 or M 2 L 3 species. The balance between these seems to be in favor of the M 2 L 3 complex in the absence of a template effect, with a templating anion altering the balance in favor of cage formation when M ϭ Co(II) but not when M ϭ Ni(II). It follows that larger tetrahedral anions (e.g., pertechnetate, tetrahalometallates) may act as templates for assembly of larger M 4 L 6 cage complexes based on longer bridging ligands.
Conclusions
The tetrahedral cage complexes [Co 4 (-L) 6 , form by an anion-directed templating effect in solution. NMR spectra show that the cages form quantitatively only in the presence of a suitable templating anion (perchlorate or tetrafluoroborate), which is a good fit for the central cavity and which participates in hydrogen-bonding interactions with the ligand CH 2 groups. The anion is completely enclosed, is centrally located in the cavity, and is inverted with respect to the Co 4 tetrahedron. These templating anions seem to be ideally complementary in terms of size, shape, and charge for the cavities in which they are located. In contrast, with Ni(II), open-chain complexes [Ni 2 L 3 ]X 4 form in which the same anions do not act as templates for cage assembly.
